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Mesozooplankton grazing and primary production: An alternative assessment
In a recent paper in the journal, Calbet (2001) describes the analysis of data on primary production and mesozooplankton grazing from a wide variety of marine ecosystems. The somewhat surprising result of Calbet's analysis is that, ''The slope of the log-log relationship between ingestion rates and PP was significantly Ͻ1, indicating a decline of relative importance of mesozooplankton grazing with increasing PP'' (Calbet 2001 (Calbet , p. 1824 . It is a well-known fact, however, that model I regression analysis leads to a biased estimate of the slope between two variables X and Y when both variables are subject to error (Ricker 1973; Laws and Archie 1981; Sokal and Rohlf 1981) . The nature of the bias causes the magnitude of the expectation value of the model I slope to underestimate the magnitude of the true slope of the underlying relationship between X and Y. Calbet's model I analysis, treating the logarithm of primary production (PP) as the independent variable (X ) and the logarithm of mesozooplankton ingestion rate (I) as the dependent variable (Y ), indicates that I varies as PP is raised to the 0.64 power. However, had Calbet performed a similar analysis treating the logarithm of I as the independent variable and the logarithm of PP as the dependent variable, he would have concluded that I varied as PP raised to the 0.64r Ϫ2 power (Laws 1997) , where r is the product-moment correlation coefficient between log(I) and log(PP). In this case, r ϭ 0.45, and (0.64)(0.45) Ϫ2 ϭ 3.2. Calbet's application of a t-test to determine whether the slope of the regression line is significantly different from 1.0 is inappropriate, because both the X and Y variables are subject to error, and neither was under the control of the investigator (Laws 1997) . With respect to error, it is important to realize that for variables such as I and PP there are two sources of error. One is the measurement error. The other, as noted by Ricker (1973, p. 410) , is the error ''inherent in the material being measured.'' In the case of I and PP, it is reasonable to assume that factors other than PP control I, and vice versa. Thus one would expect to see scatter in a plot of PP and I, even if both variables were measured with great accuracy. Model I regression methods will provide an unbiased estimate of the slope between X and Y even when both X and Y are subject to error, as long as the independent variable X is under the control of the investigator, but this was not the case in the data sets analyzed by Calbet. Thus, the slope of 0.64 that he calculates between log(PP) and log(I) is biased, and his error analysis is invalid.
When one is looking for an estimate of the slope of the functional relationship between X and Y and when the assumptions of model I are violated, model II regression methods are commonly employed (Ricker 1973) . Except in special cases, however, there is no guarantee that model II methods provide an unbiased estimate of the functional slope. A commonly used model II method is to calculate the geometric mean of the two model I slopes. The slope so calculated is the model I slope divided by the absolute value of r. In the case of Calbet's data, the geometric mean model II slope between log(PP) and log(I) is 0.64/0.45 ϭ 1.4. This is the geometric mean of the two model I slopes, 0.64 and 3.2. The 95% confidence interval to the geometric mean slope is 1.25-1.57 (Ricker 1975) . Is it possible that the data analyzed by Calbet reflect a relationship between PP and I in which I varies as PP raised to the 1.4 power?
To test this hypothesis, I generated 238 (the number of data points included in the analysis by Calbet) values of PP that followed a log-normal distribution with a mean ln(PP) of 6 (corresponding to a PP of 403 mg C m Ϫ2 d
Ϫ1
) and a standard deviation of 1. This means that ϳ95% of the PP values fell between e 4 ϭ 55 and e 8 ϭ 2,981 mg C m Ϫ2 d Ϫ1 . This is consistent with the data shown in fig. 1A of Calbet (2001) . I then calculated ln(I) using the equation ln(I) ϭ Ϫ5.6 ϩ 1.4 ln(PP). Hence, ϳ95% of the I data fell between e 0 ϭ 1 and e 5.6 ϭ 270 mg C m Ϫ2 d Ϫ1 . This is also consistent with Calbet's fig. 1A . These PP and I values were assumed to be the true PP and I values. I then noise-corrupted the ln(PP) and ln(I) values using a normally distributed error signal with a mean of 0 and a standard deviation of 1.1 in the case of ln(PP) and 1.65 in the case of ln(I). The choice of these particular standard deviations was based on the fact that they produced results very similar to those shown in Calbet's fig. 1 . I then binned the PP data as described by Calbet (2001) and shown in his fig. 1B and recalculated the slope and correlation coefficient of the binned data. A typical set of results is shown in Fig. 1 . When I repeated this exercise many times, I found that the expectation values of the model I slopes in fig. 1A ,B were both 0.63. These are virtually identical to the values calculated by Calbet, 0.64 and 0.63, respectively. The expectation values of the corresponding correlation coefficients were 0.43 and 0.85. These compare to the correlation coefficients of 0.45 and 0.82, respectively, calculated by Calbet.
Following Calbet, I then sorted the PP data into three groups: oligotrophic (Ͻ250 mg C m
, and eutrophic (PP Ͼ 1000 mg C m Ϫ2 d Ϫ1 ). I then calculated the average ratio of I : PP within each of these groups. The average ratios were 0.49, 0.24, and 0.14 for the oligotrophic, mesotrophic, and eutrophic groups, respectively. These ratios compare to Calbet's values of 0.40, 0.22, and 0.10, respectively.
The conclusion I reach from this analysis is that the results reported by Calbet (2001) could very easily have been generated from data in which mesozooplankton ingestion varies as primary production raised to the 1.4 power and in which both I and PP are subject to error. My analysis does not prove that I varies as PP raised to a power Ͼ1. My analysis does, however, convincingly show that Calbet's (2001 Calbet's ( , p. 1824 conclusion that there is ''a decline of relative importance of mesozooplankton grazing with increasing PP'' is unjustified.
The high degree of correlation in Fig. 1B might mistakenly be taken as evidence that the slope of the functional relationship is Ͻ1, but the high degree of correlation is merely a result of averaging, and the slope of the regression line is highly dependent on the binning procedure. If the data are binned on the basis of I rather than PP, the average slope of the regression line is 2.45 rather than 0.63. There is no inherent reason to prefer PP or I for binning purposes. Calbet (p. 1826) argues that the negative correlation between I/PP and PP confirms ''the existence of a negative relationship between the percentage of PP consumed and primary production.'' Superficially, this argument seems logical. If I varies as PP is raised to a power Ͻ1.0, then I/PP will vary as PP raised to a negative power. The flaw in the argument is the fact that there is a great deal of scatter in the data (r ϭ 0.45). In fact, variations in I explain only (0.45) 2 ϭ 20% of the variance in PP. As a result, the correlation between I/PP and PP will be determined primarily by the correlation between PP Ϫ1 and PP and only secondarily by the correlation between I and PP. Because there is obviously a negative correlation between PP Ϫ1 and PP, the fact that there is a negative correlation between I/PP and PP in this case cannot be taken as confirmation that I varies as PP is raised to a power Ͻ1. My Monte Carlo simulations confirm this fact. Even though I assumed that I varied as PP 1.4 , I found a negative correlation between I/PP and PP, and the ratios are very similar to the values reported by Calbet.
Both theoretical models (Laws et al. 2000) and empirical studies (Eppley and Peterson 1979) have suggested that, other factors being equal, the ratio of export production to primary production is positively correlated with PP. Mesozooplankton are generally assumed to be an important link in the food chain that leads to the export of organic matter to the interior of the ocean (Laws et al. 2000) . Most of the organic matter consumed by protozoans and microzooplankton is believed to be respired in the upper water column (Ducklow et al. 1986 ). It would therefore be surprising if mesozooplankton consumed a higher percentage of PP in unproductive versus productive marine systems.
An additional factor not considered by Calbet (2001) is the failure of standard protocols to adequately account for the fraction of primary production released as dissolved organic carbon (DOC). Recent studies have suggested that the production of DOC accounts for a substantial percentage of PP in at least some oligotrophic marine systems (Carlson et al. 1994) . Carlson et al. (1998) , for example, estimated that 86% of total organic carbon (TOC) accumulated as DOC during 1992, 1993, and 1995 blooms in the Sargasso Sea. In the Ross Sea, on the other hand, almost 90% of TOC accumulated as particulate organic carbon during the 1994 spring phytoplankton bloom (Carlson et al. 1998) , and PP was 4-5 times higher than that in the Sargasso Sea. It is likely, therefore, that allowance for the fixation of organic carbon as both DOC and POC would tend to reduce the ratio of I : PP in oligotrophic versus eutrophic systems.
In conclusion, I disagree with Calbet (2001 Calbet ( , p. 1828 ) that ''the relative importance of micro-and mesozooplankton in the food dynamics of marine ecosystems, as well as the role of mesozooplankton grazing, must be reevaluated.'' His conclusion is based on a flawed statistical analysis, and the results can easily be explained by an alternative model in which mesozooplankton grazing removes a higher percentage of PP in productive versus unproductive systems.
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